extremely small quantity was clearly seen over a particle on the EFTEM image. Moreover, the
Introduction
Lanthanide doping into inorganic crystals gives these materials new functionalities such as upconversion (UC), [1] [2] [3] downconversion/downshifting, 4-7 dual-mode luminescence, [8] [9] [10] enhanced computed tomography (CT) contrast 11 and magnetism. 12, 13 In particular, lanthanide ion-doped (Ln 3+ -doped) upconversion nanophosphors (UCNPs) have been in spotlight due to their excellent chemical and optical properties. The UCNPs have many advantages over conventional fluorescent organic dyes and quantum dots, such as high photostability (without photobleaching), long life time (from µs to ms) due to the luminescence attributed to parity-forbidden f-f transition, large anti-Stokes shifts, nontoxicity (no Cd or Pb), and a lack of photoblinking. 14 Moreover, the UCNPs exhibit an infrared (IR) to visible light conversion efficiency an order of magnitude higher than the two-photon absorption process. This high conversion efficiency of the UCNPs is due to the existence of a real, intermediate energy level between the ground and excited states. 14, 15 Given this high UC efficiency, commercially available, inexpensive continuous-wave diode lasers can be used as an excitation light source.
Recently, sub-10 nm, ultrasmall UCNPs were successfully synthesized with excellent luminescent properties that could allow further bioimaging applications. 16, 17 Until now, Ln
3+
-doped fluoride-based UCNPs have been extensively studied, because fluoride materials have low phonon energies and show high optical transparency in the visible region due to their large band-gap energy. 18, 19 In particular, NaLnF 4 (Ln = Gd, La, Lu, and Y)-based UCNPs have attracted great attention. 17, [20] [21] [22] [23] [24] [25] For example, β-NaYF 4 is known as the most efficient host material for blue and green upconversion luminescence. 26 On the other hand, LiGdF 4 is an outstanding host for downconversion luminescence with a visible quantum efficiency approaching 190%. 27 However, 
Preparation of the UCTB-PDMS composites
To prepare the UCTB-polydimethylsiloxane (PDMS) composites, 0.4 ml of the UCTB solution (approximately 1 wt%) was thoroughly mixed with 10 ml of SYLGARD silicone elastomer 184
followed by the addition of a curing agent (1 ml). Finally, the UCTB-PDMS composites (approximately 0.04 wt% UCTB) were aged overnight and then heat-treated at 80 °C for 1 h.
Characterization
The absorption and transmittance spectra were obtained using a Perkin-Elmer Lambda25 UV/VIS spectrophotometer. The absorption spectrum of the UCNP chloroform solution (~ 1wt%) in quartz cuvette (1 cm × 1 cm, Hellma QS cell) was obtained under the condition of 240 nm/min of scan speed and 1 nm of slit width. The crystal structures of the as-synthesized nanophosphors were determined using a Bruker D8 ADVANCE diffractometer with Cu K α radiation at 40 kV and 40 mA. The
Photoluminescence (PL) spectra were collected using a Hitachi F-7000 spectrophotometer. The scanning electron microscopy (SEM) and TEM images were obtained on an FEI Nova nanoSEM operated at 10 kV and a Tecnai G2 F20 operated at 200 kV, respectively. The EFTEM images were obtained on an FEI Titan 80/300 operated at 300 kV equipped with a GIF Quantum ® ERS (Gatan, Inc., USA). The high-resolution STEM (HR-STEM) images were obtained using an FEI Tecnai G2 F30 S-TEM operated at 300 kV.
Density functional theory (DFT) calculation
We performed spin-polarized density functional theory (DFT) calculation in a plane-wave basis with the Vienna Ab-initio Simulation Package (VASP) code 38 and the Perdew-Burke-Ernzerhof (PBE)sol 39 GGA functional. Valence electrons were described by plane waves up to an energy cutoff of 400 eV and the core electrons were described within the projector augmented wave framework. 40 We used a 6×6×3 k-points grid sampling of the Brillouin zone for unit cell calculations. Final convergence criteria for the electronic wave function and geometry were 10 -4 eV and 0.01 eV/Å, respectively. The
Gaussian smearing method with a width of 0.05 eV was used to improve convergence with respect to states near the Fermi level.
Results and discussion
All UCNP solutions, which are highly transparent, exhibited green luminescence under IR illumination ( Figure S1 ). LGY 0.4 F:Yb,Er showed the highest R g/r value of 2.85. As a consequence, the R g/r value was dependent on the particle size and it decreased with decreasing particle size. When particle size decreases, that of monochromatic light due to the sharp emission peak and high green-to-red ratio in the PL intensity.
As indicated in Figure 1c , the LGY 0.4 F:Yb,Er UCNPs are much larger than the other Li(Gd,Y)F 4 :Yb,Er UCNPs. In addition, the X-ray diffraction (XRD) patterns presented in Figure S7 reveal the formation of an orthorhombic GdF 3 phase at doping conditions between 0 and 20 mol% Y 3+ .
The crystal structures were also verified from the UCNP lattice spacings measured via high-resolution ion doping for the case of LiGdF 4 tetragonal phase, whereas it was hardly controlled for the GdF 3 orthorhombic phase. Thus, we can achieve intense UC luminescence by simply controlling the particle size when we synthesize single tetragonal LiGdF 4 phase. In addition, morphologies of the , the difference in the particle size was marginally small (see Table S1 and Figure S10) The Z-contrast of the atomic columns was examined in the HAADF STEM images (Figure 2e ). to-noise ratio and collection efficiency of the GIF Quantum®ERS (Gatan, Inc., Pleasanton, CA, USA).
As a result, EFTEM maps from all elements including lanthanide elements could be successfully obtained as shown in Figure 4 . One thing to note is that the sharp features observed in the image of Figure 4a are not observed in the Gd, Y, and Yb EFTEM images of Figure 4c which appear more rounded due to low signal intensity at thin regions such as the apex and the edge of this bipyramidal nanocrystal (see thickness map of Figure 4b ), particularly for high energy-loss peaks (above 1000 eV).
Excepting this smoothing effect, however, one can notice that all elements are uniformly distributed over a single UCTB. Even the quantity of the activator Er 3+ ion is very small, existence of Er 3+ ions over a particle is clearly seen. Although these UCTBs have an anisotropic morphology and are larger than the previously reported NPs that were successfully incorporated into a PDMS polymer, 33 they were well-dispersed in the PDMS polymer, which allowed for the fabrication of highly transparent UCTB-PDMS composites ( Figure 6 ). The transmittance of the UCTB-PDMS composites was found to exceed 90% in the visible spectral region (Figure 6a ). As indicated in photographs of the LGY 0.4 F:Yb,Er UCTB-PDMS bar and disk in Figure 6c , the luminescence is homogenous, bright green and sufficiently intense to render characters on the background paper legible. The high transparency and brightness of the UCTB-PDMS composites can be attributed to the strong UC luminescence from the LGY 0.4 F:Yb,Er UCTBs which | 13 allows small quantities of the UCTBs to mix with PDMS. These results also indicate that the UCTBs have the potential for applications in volumetric 3D displays. 
